INTRODUCTION
Anthropogenic activities are having a major effect on the marine ecosystem. The ongoing global release of greenhouse gases and subsequent warming has forced ocean temperature to rise at a rate of ~0.4°C over the last century (Rayner et al. 2003) . The planet as a whole is currently experiencing the warmest period over the past 100 yr, and a 2 to 4.5°C rise in land and ocean temperature is predicted by the end of this century (IPCC 2007) . This change could have profound impacts on phytoplankton in terms of community structure, physiology and primary production (Hughes 2000 , Fu et al. 2007 , Feng et al. 2009 , Boyd et al. 2010 . Data from the continuous plankton recorder (CPR) survey in the northeast Atlantic have shown that rising sea surface temperature (SST) has increased phytoplankton *Corresponding author: ghti@pml.ac.uk ABSTRACT: Anthropogenic climate change is exerting pressures on coastal ecosystems through increases in temperature, precipitation and ocean acidification. Phytoplankton community structure and photo-physiology are therefore adapting to these conditions. Changes in phytoplankton biomass and photosynthesis in relation to temperature and nutrient concentrations were assessed using a 14 yr dataset from a coastal station in the western English Channel (WEC). Dinoflagellate and coccolithophorid biomass exhibited a positive correlation with temperature, reaching the highest biomass between 15 and 17°C. Diatoms showed a negative correlation with temperature, with highest biomass at 10°C. Chlorophyll a (chl a) normalised maximum light-saturated photosynthetic rates (P B m ) exhibited a hyperbolic response to increasing temperature, with an initial linear increase from 8 to 11°C and reaching a plateau from 12°C. There was, however, no significant positive correlation between nutrients and phytoplankton biomass or P B m , which reflects the lag time between nutrient input and phytoplankton growth at this coastal site. The major phytoplankton groups that occurred at this site occupied distinct thermal niches, which in turn modified P B m . Increasing temperature and higher water column stratification were major factors in the initiation of dinoflagellate blooms at this site. Dinoflagellate blooms during summer also covaried with silicate concentration and acted as a tracer of dissolved inorganic nitrogen and phosphate from river run-off, which were subsequently reduced during these blooms. The data imply that increasing temperature and high river runoff during summer will promote dinoflagellate blooms in the WEC. abundance in cooler regions but decreased it in warmer regions (Richardson & Schoeman 2004) . Over the past 100 yr, the western English Channel (WEC) has experienced a sequence of warming and cooling events which have caused changes in the abundance of marine phytoplankton. A 1°C rise in SST for a decade during the 1990s caused an increase in warm-water species in this region (Hawkins et al. 2003 ). In the WEC over the past 15 yr from 1992 to 2007, there was a decrease in diatoms and Phaeocystis sp. and an increase in dinoflagellates and coccolithophorids (Widdicombe et al. 2010) .
Against the backdrop of global warming in European waters, eutrophication has been a major problem for the coastal zone and has resulted in large and sometimes harmful phytoplankton blooms that can cause hypoxia or toxicity (Nixon 1995 , Harley et al. 2006 , Rabalais et al. 2009 ). In Europe, the North Sea, Baltic Sea and eastern English Channel are hotspots for eutrophication that have been linked to more frequent blooms of nuisance species, such as Phaeocystis globosa (Lancelot et al. 1987 , Riegman et al. 1992 , Schoemann et al. 2005 . The EU Water Framework Directive was implemented to curb these effects, although regime shifts in the phytoplankton have still occurred, which have been linked to the rise in SST (McQuatters-Gollop et al. 2007b) . Associated with this, changes in the jet stream arising from small latitudinal temperature gradients have led to more frequent storm events and heavy rainfall, which have intensified over the past decade (Rahmstorf & Coumou 2011 , Francis & Vavrus 2012 . Recent climate modelling also predicts an increase in annual rainfall coupled with the rise in temperature across much of the United Kingdom by the end of this century (Jenkins et al. 2009 ). Localised flooding in the catchment around the WEC in the summer of 2007 led to an increase in chlorophyll a (chl a) of 8.46 µg l −1 at in-shore stations due to high nutrient loads from river run-off (Rees et al. 2009) .
It is often difficult to de-couple temperature and nutrient effects in marine environments, as they are intrinsically linked. In this study, we investigated the effects of variability in temperature, nitrate, phosphate and silicate concentrations on phytoplankton community structure and photosynthesis in the WEC. We analysed medium term trends (~14 yr) in the taxonomic biomass and photosynthetic response of phytoplankton to variations in temperature and nutrients. The results are discussed in relation to the underlying mechanism of seasonal succession in phytoplankton community and photosynthesis and the implication of future environmental changes.
MATERIALS AND METHODS

Study site and sampling
Stn L4 (50°15' N, 4°13' W) is situated in the WEC, 15 km southwest of Plymouth, England, with a depth of ca. 50 m (Fig. 1) . Sampling at the site has been established for over a century, and a long-term observation on a weekly basis was initiated with profiles of temperature, salinity and fluorescence in 1988. Measurements of phytoplankton counts and chl a were added in 1992, nutrients in 2000, and primary production in 2009 (Southward et al. 2004 , Smyth et al. 2010 . Samples were collected using a Lagrangian sampling mode whereby the ship is allowed to drift with the sampled water body once the sampling location has been reached. The tide at the site has a maximum range of 5.4 m and a current of 0.55 m s −1 (Pingree 1980) . The river Tamar is the main source of freshwater flowing into the WEC, with a range of 5 to 140 m 3 s −1 at its mouth (Uncles & Stephens 1990 ). Vertical profiles of temperature, salinity and fluorescence have been measured using SeaBird SBE19+ Water samples were collected in discrete sampling bottles or carboys and returned to the laboratory in black-out cool-boxes within 2 h of collection for measurement of the parameters given below. The mixed layer depth (MLD) when the density difference is < 0.125 kg m −4 from the surface was used. Meteorological measurements including wind speed, wind direction and rainfall have been taken at hourly intervals from the roof of Plymouth Marine Laboratory since 2003 (Smyth et al. 2010) .
Nutrients, chl a and taxonomic phytoplankton biomass
Dissolved inorganic nutrient concentrations were determined by gas segmented flow colorimetric analysis using a Bran and Luebbe AutoAnalyser (model AA3). Dissolved NO 3 − + NO 2 − were determined by the spectrophotometric methods described by Brewer & Riley (1965) . Total ammonium was determined according to Mantoura & Woodward (1983) . The analysis of soluble reactive phosphorus (SRP) concentration was based on the method described by Zhang & Chi (2002) . Dissolved silicate (DSi) was determined using standard colorimetric methods (Kirkwood 1989) . Seawater samples were collected directly from the CTD rosette, stored frozen until analysis and then equilibrated to room temperature prior to analysis, following the protocols given in the GO_SHIP manual (Hydes et al. 2010) . Dissolved inorganic nitrogen (DIN) was calculated from the sum of the concentration of NO 3 − + NO 2 − and ammonium.
Fluorometric analysis of chl a was conducted using 100 ml of seawater filtered through 25 mm (nominal pore size ~0.7 µm) glass-fibre filters (GF/F) and extracted in 90% acetone overnight at 4°C. Chl a concentration was then measured on a Turner fluorometer using the Welschmeyer (1994) method.
Samples for the enumeration of phytoplankton were fixed immediately on collection with 2% Lugol's iodine and stored in cool, dark conditions until taxonomical analysis using light microscopy following the methods given by Widdicombe et al. (2010) . Cell volumes were calculated using approximate geometric shapes and converted to carbon biomass using the equations of Menden-Deuer & Lessard (2000) . The data are plotted as 4 phytoplankton groups: diatoms, coccolithophorids, dinoflagellates and nano-eukaryotes. The dynamics in biomass of key species within some groups were also investigated.
Phytoplankton photosynthetic parameters
Phytoplankton photosynthetic parameters were calculated from photosynthesis-irradiance (P-E) curves measured using linear photosynthetrons illuminated with 50 W tungsten halogen lamps following the methods described by Tilstone et al. (2003) . For each depth, 15 aliquots of 70 ml seawater within polycarbonate bottles (Nalgene) were inoculated with 5 to 10 µCi of 14 C-labelled bicarbonate. Incubations were maintained at in situ temperature for a 1.5 h period, after which the samples were filtered onto GF/F under a vacuum pressure no greater than 27 kPa. The filters were then exposed to 37% fuming hydrochloric acid for ~12 h and immersed in 4 ml scintillation cocktail for 24 h, and beta-activity was counted on a TriCarb 2910 scintillation counter (PerkinElmer). Correction for quenching was performed using the external standard and the channel ratio methods. Total inorganic carbon fixation within each sample was calculated following Tilstone et al. (2003) and normalized to chl a, and the curves were then fitted using the equation given by Platt et al. (1980) :
where P B s is the potential light-saturated photosynthetic rate the sample could have if there was no photoinhibition, α is the light-limited slope, β is the parameter representing the reduction by photoinhibition, and I is irradiance. The maximum photosynthetic rate (P B m ) is calculated as follows:
Statistical analysis
Time series data from Stn L4 at 10 m between April and September from 2000 to 2013 were used to assess the effect of natural variability in nutrients and temperature on phytoplankton community biomass and photosynthesis. Data from winter months were not used since nutrients are always high and phytoplankton biomass low during these months, which is forced by reduced PAR. Including the winter data would therefore skew any subsequent relationships between nutrients and phytoplankton biomass. Nutrient data at 10 m was only available from 2012; prior to this, nutrients were measured at the surface only. We therefore assumed that the upper mixed layer was uniform from the surface to 10 m and used the surface values prior to 2012. Chl a at 10 m was available from 2007 to 2013. Prior to 2007, chl a at 10 m was calculated from surface chl a using the equation log 10
Chl(10) = 0.9359 × log 10 Chl(0) + 0.002 (n = 215, R 2 = 0.845) based on the data from successive years. Coincident with temperature and nutrient data, there were n = 235 data for chl a, n = 222 for biomass of phytoplankton groups and n = 68 for P B m . These data are presented as box and whisker plots at 1°C increments in temperature and logarithmic increments of nutrient concentrations. The height of the box indicates the 25th (Q1) and 75th (Q3) percentiles; the horizontal line and solid circle inside the box are median and mean, respectively. The whisker limits are defined as Q3 + (1.5 × interquartile range, IRQ) and Q1 − 1.5 × IRQ and represent the 10th and 90th percentiles. The outliers outside of the whiskers are given as open circles. Correlation between 2 variables using the exact temperature and nutrient data (rather than the binned data) was determined by Spearman's non-parametric rank correlation coefficient in R software (R Development Core Team 2013). To avoid increasing a Type I error through the repetition of analyses, the following procedure was conducted: when p is the Type I error, (1 − p) represents the rate of not making Type I error, the product of (1 − p) is the rate of not making Type I error for all tests. Routinely, the value with the highest Type I error is removed until the product of (1 − p) meet the criterion of > 0.95 (and p < 0.05), > 0.99 (p < 0.01) and > 0.999 (p < 0.001) successively. Thus, in the text, the corrected p values are reported. The logit regression was employed to examine the possibility of dominant species forming blooms (with a bloom criterion of >10 mg C m −3 ). Temperature (T ), DIN, SRP and DSi were used as predictors, and the interaction term was used to evaluate combined affects with bloom possibilities derived as follows:
F (t) is the logit regression function with t as the linear combination of predictors. The results of F (t) range between 0 and 1, representing the probability for a bloom to occur. Forward selection was used based on Akaike's information criterion (AIC) by stepwise procedure in R software (R Development Core Team 2013) to obtain the best predictive model. The significance of each coefficient (β x ) was determined, and the significance of the whole model was determined using a chi-squared distribution. The possibility of a bloom for the species above was predicted in each temperature interval by using average values of binned DIN, SRP and DSi as inputs. , and ~30% was >1 µmol l −1 ( Fig. 2A ). There was a negative inverse relationship between temperature and DIN and SRP from 7 to 11°C, beyond which there was no obvious relationship, except for a slight increase in SRP from 16 to 18°C ( Fig. 2A,B) . Spikes in DIN during July and August at between 14 and 18°C also occurred, 
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Natural variability in chl
Concentrations of (A) dissolved inorganic nitrogen (DIN), (B) soluble reactive phosphorus (SRP) and (C) dissolved silicate (DSi) as functions of temperature (T ) from April to September 2000-2013 at Stn L4 in the western English Channel. For the box plots, the boundaries of the boxes represent the 25th and 75th percentile; the solid line within the box is the median; the black dot is the mean; the error bars above and below the box indicate the 10th and 90th percentiles, and the points beyond the error bars are the outliers. Number of samples in discrete T ranges is given at the top of each panel. In (A), blue crosses indicate spikes in DIN > 1 µmol l −1 during July and August though these do not adversely affect the binned median or mean values. For the low temperature range (7 to 9°C), DSi was low relative to DIN, and the average ratio of DSi to DIN was lower than Brzezinski's ratio (molar ratio of 1). At the upper limit of the temperature range (16 to 18°C), the mean DSi concentration was >1.5 µmol l −1
, and the average ratio of DSi to DIN was > 2; at 18°C, this reached a molar ratio of 5 (Fig. 2C ). There was no significant correlation between chl a (p > 0.05; Fig. 3A ) or total phytoplankton biomass and temperature (p > 0.05; Fig. 3B ). The distribution of the binned values of both chl a and total phytoplankton biomass were bimodal, illustrating the occurrence of 2 blooms. The first occurred in spring, between 9 and 12°C. The second was in summer at temperatures of between 14 and 17°C (Fig. 3B) . Numerically, diatoms and nano-eukaryotes were the most abundant groups and contributed, on average 38 and 37% of the total phytoplankton biomass. By comparison, dinoflagellates and coccolithophorids contri buted 22 and 5%, respectively. These group contributions to the total biomass changed over different temperature ranges (Fig. 4E) . Dinoflagellates, for example, formed 28% of total phytoplankton biomass from 14 to 18°C (Fig. 4E) , though this occasionally rose to > 50% and very occasionally to > 90%. At the same temperature range, the average percentage of nano-eukaryotes and diatoms dropped to 66 from 91% at lower temperatures (Fig.  4E) . Over the entire temperature range for nanoeukaryotes, there was no sig nificant correlation with temperature (p > 0.05; Fig. 4A ). In contrast, there were positive linear correlations for both coccolithophorids (p < 0.001; Fig. 4C ) and dinoflagellates (p < 0.001; Fig. 4D ), and there was a negative correlation with diatoms (p < 0.05; Fig. 4B ). The contributions of diatoms to total phytoplankton biomass were higher during the spring bloom, but de creased with temperature (p < 0.01; Fig. 4E ). In contrast, there was a significant positive correlation between the percentage of dinoflagellates and temperature, with the proportion of dinoflagellates increasing with in creasing temperature (p < 0.001, Fig. 4E ). P B m varied from 0.2 to 7.5 mg C mg chl a −1 h −1 and exhibited a positive linear correlation with temperature from 9 to 11°C and thereafter remained relatively constant from 12 to 17°C with a mean value of 4 mg C mg chl a −1 h −1 (Fig. 5A ). The trend in P B m with temperature could be explained by a hyperbolic function, as follows:
where T is temperature, and R 2 = 0.112. There were no significant correlations between chl a (p > 0.05; Fig. 3C ) or total phytoplankton biomass and nutrients (p > 0.05; Fig. 3D ). When there were spikes in DIN from July to August, both chl a and total phytoplankton biomass varied from the lowest to the highest values in the binned data (Fig. 3A,B) . Dinoflagellates exhibited a significant negative correlation with DIN (p < 0.001; Fig. 6A ). Diatoms showed negative correlations with SRP and DSi (p < 0.01 and p < 0.001, respectively; Fig. 6B,C) . Coccolithophorid biomass was significantly positively correlated with DSi (p < 0.05; Fig. 6D ). Over the entire nutrient range, there was also no significant correlation between P 
Logit regressions of phytoplankton bloom occurrences
From 2000 to 2013 in the WEC, Phaeocystis sp. accounted for 12.6% of the nano-eukaryote biomass and tended to bloom when the temperature was <12°C (Fig. 7A, Table 1 ). Guinardia delicatula, Eucampia zodiacus and Chaetoceros socialis were the most abundant diatoms and accounted for 16.3, 12.4 and 10.8% of the total diatom biomass, respectively. For these species, temperature exhibited a significant inverse relationship with biomass > 10 mg C m −3 (Table 1) . G. delicatula exhibited a larger temperature range (10 to 16°C) during bloom conditions and a higher frequency of bloom events (Fig. 7B ). In contrast, E. zodiacus had a narrower and lower temperature range (10 to 14°C) (Fig. 7C) . This was even lower for C. socialis (<12°C; Fig. 7D ). SRP showed a consis- (Table 1) , indicative of the reduction in SRP during bloom events. More than half of the dinoflagellate biomass (59.2%) during the time series was from Karenia mikimotoi, whilst Prorocentrum cordatum accounted for 7.5%. Dinoflagellate blooms tended to occur when temperature was >14°C. For P. cordatum, this temperature threshold was 16°C (Fig. 7E,F) , and increasing DIN also had a positive effect (Table 1) .
Emiliana huxleyi biomass rarely reached 10 mg C m −3
, and there was no single environmental variable that was significant in the logit regression (Table 1) . 0.5 ). The logit regression line is given in red (see 'Methods' for further details). F(t) is the logit regression with t as the linear combination of predictors. F(t) is derived from Eq. (3) ) occurrence of dominant species in the western English Channel as a function of temperature (T ), dissolved inorganic nitrogen (DIN), soluble reactive phosphate (SRP) and dissolved silicate (DSi). Res.
F(t)
dev.: residual deviance; × indicates the interaction term. *p < 0.05, **p < 0.01, and ***p < 0.001
DISCUSSION
Recent interest in climate change has spawned a large number of studies to improve our understanding of how rising CO 2 and temperature will influence the fate of marine ecosystems (Boyd et al. 2010 and references therein). There have been few studies, however, on the effect of different nutrient regimes on marine phytoplankton communities in the context of global warming (Agawin et al. 2000 , Moss et al. 2003 . In this study, we investigated the response of the phytoplankton community to ambient variations in temperature and nutrients in the WEC. We observed distinct thermal niches for the major phytoplankton groups, with dinoflagellates and coccolithophorids blooming at warmer temperatures (14 to 18°C) and diatoms and Phaeocystis sp. occurring at a lower temperature range of 7 to 12°C (Fig. 4) . These temperature ranges and phytoplankton community structure regimes are similar to those observed in the NE Atlantic ecosystem (e.g. McQuatters-Gollop et al. 2007a) . We found only weak and sometimes negative correlations between phytoplankton biomass and ambient nutrient concentrations (Figs. 3 & 6) .
Effect of temperature on phytoplankton composition and photosynthesis in the WEC
Dinoflagellates and coccolithophorids favoured a higher temperature regime in the WEC. Similar optimum temperatures (~17 to 23°C) have been reported at the same latitude in previous work (Thomas et al. 2012) . Although diatoms can inhabit a large temperature range (−1.8 to 37°C) (Suzuki & Takahashi 1995 , Thomas et al. 2012 , they normally inhabit cooler, well-mixed waters (Margalef 1978 , Irwin et al. 2012 , which was also seen for the bloom conditions of the dominant diatoms species in the WEC (Table 1, Fig. 7) . Temperature often has an inverse correlation with nutrients and a positive correlation with increasing light conditions, especially during spring. The spring bloom in the WEC was also composed of nano-eukaryotes (including Phaeocystis sp.), which usually occurred at temperatures <14°C. This has also been observed in other studies (Jahnke & Baumann 1987) . According to the 'Margalef mandala', the stability of the water column is an important factor in controlling phytoplankton succession (Margalef 1978) . Changes in MLD had no significant influence on the diatom biomass (Fig. 8A) . By contrast, dinoflagellates showed significantly higher biomass with low MLD and stronger stratification (Fig. 8B) . Stratification is often linked with warming of the surface ocean; however, MLD can be regionally decoupled with temperature, which can occur at Stn L4 (p > 0.05, Fig. 8C) . Thus, our analysis showed that increasing dinoflagellate biomass was firstly associated with a positive increase in temperature, and secondly, the decrease in MLD had a significant additive effect (p < 0.001). Optimal growth temperatures and activation energies indicate how phytoplankton respond to the changes in temperature (Chen et al. 2014 ). In the WEC, key diatom species were adapted to relatively lower temperatures (Fig. 7B,D) , which resulted in the inverse relationship between diatom biomass and temperature (Fig. 4B) . By comparison, Karenia mikimotoi occurred at higher temperatures (Fig. 7E ) and was then succeeded by Prorocentrum cordatum. Such species succession may be indicative of a competitive advantage at increasing global temperatures, which can act as a key driver to the seasonal phytoplankton community succession. This has also been observed in other regions such as the North Atlantic (McQuatters-Gollop et al. 2007a ) and the Scotian Shelf, where changes in phytoplankton community structure closely follow temperature, which in turn modifies P B m (Bouman et al. 2005) . Long-term observation of variability in P B m at coastal sites is one of the principal factors in explaining the seasonal variability in primary production (Gallegos 2014) . P B m is often described as a function of temperature, typically as an Eppley curve or seventh-order polynomial (Eppley 1972 , Cote & Platt 1983 , Behrenfeld & Falkowski 1997 . In the WEC, we found that a hyperbolic function between P B m and temperature explained a significant proportion of the variance, with increasing P B m at lower temperature then reaching a plateau at higher temperature. By contrast, in the Scotian Shelf, an Eppley temperature dependency of P B m gave a better fit (Bouman et al. 2005 ). The differences probably arise because the lowest temperature during spring in the WEC was 7°C, and below this value, the relationship between P B m and temperature may assume the more typical Eppley type curve. The intercept of 8 given in Eq. (4), therefore, arises from the fact that the temperature does not go below 7°C from spring to autumn at Stn L4 and is region-specific. By contrast, in the eastern Canadian Arctic, where the temperature range is −2 to 9°C, P B m has been observed to follow a similar segmented response, with a stable upper envelope of 2.0 mg C mg −1 chl a h −1 at a temperature > 0°C (Li et al. 1984) , suggesting different temperature dependencies in different domains or regions. Since P B m is a rate normalized to chl a, the paralleled changes in carbon fixation and cellular content of pigments could result in a constant P B m over a specific temperature range. Similar characteristics have been observed in diatoms such as Phaeodactylum tricornutum in culture studies (Li & Morris 1982) . In the WEC, although phytoplankton species acclimate to different temperature regimes (Fig. 7, Table 1 ), the relationship between P B m and temperature could be modified by species succession. The linear increase in P B m from 7 to 11°C is therefore also accompanied by a change between diatoms and nano-eukaryotes, and the plateau corresponds to an increase in dinoflagellate and coccolithophorid biomass. A similar scenario has been observed in the neighbouring central WEC, where high P B m was accompanied with increasing pico-phytoplankton biomass (Napoléon et al. 2014) . Although the upper limit of P B m over the temperature range in the plateau is quite constant, cellular chl a:carbon ratio and growth rates may increase with temperature when nutrients are replete (Geider 1987) . From the WEC time series data, this relationship was not evident.
Effect of nutrients on phytoplankton composition and photosynthesis in the WEC
Photosynthesis is regulated by nutrients, which, when replete, give rise to the spring bloom as day length increases from winter to spring (Platt et al. 1992) . Nutrients determine the photosynthetic efficiency and growth rates of phytoplankton (Sosik & Mitchell 1994) since light-saturated rates of photosynthesis are regulated by the synthesis of chl a, which is coupled to nitrate assimilation (Geider et al. 1998) . Models of photosynthetic rates have therefore been developed based on nutrient status of phytoplankton under replete or limited conditions (Geider et al. 1998 , Behrenfeld et al. 2002 . These studies suggest that when nutrients are depleted, photosynthetic rates are low, and under replete conditions, P B m or optimum photosynthetic rates in crease. This should also be coupled with temperature, which can co-vary with DIN, SRP and DSi over specific temperature ranges (Fig. 2) . Previous work has shown, however, that when nutrients are replete, further in creases in temperature have little effect on the phytoplankton biomass (Moss et al. 2003) . From time series data in the WEC using nutrient concentrations alone we were unable to establish any tangible relationships with phytoplankton community structure. In the WEC from April to September, high DIN occurs under 2 different scenarios ( Fig. 2A) . The first is in spring, with high DIN resulting from previous winter mixing (Smyth et al. 2010) . The second occurs in summer, when there can be occasional spikes in DIN as a result of high rainfall and therefore river run-off (Rees et al. 2009 ). The influence of these can be detected in the phytoplankton biomass as peaks in both chl a and total biomass during the spring at tem-peratures of 9 to 10°C and during summer, when temperatures are between 14 and 16°C (Fig. 3A,B) . These peaks in phytoplankton biomass do not correlate directly with ambient nutrient concentrations (Fig. 6) , as there is evidently a lag between high nutrient concentrations and phytoplankton growth. Agawin et al. (2000) and Maranón et al. (2012) have also shown that ambient nutrient concentrations may be uncoupled from changes in phytoplankton biomass. Nutrients can be high when phytoplankton biomass is low (e.g. during winter when nutrients are high, but there is light limitation). By comparison, at the peak of a bloom when phytoplankton biomass is high, DIN, SRP or DSi may be used up rapidly and therefore be low. Phytoplankton biomass and nutrients are out of phase, resulting from the lag response between injection of nutrients into the euphotic zone and phytoplankton growth. This can be further complicated by the fact that the nutrient supply may often be sporadic and not constant or continuous. From nutrient concentrations alone, it is therefore difficult to formulate robust relationships between phytoplankton community structure and photosynthesis.
The 'irradiance-nitrate trade-off' (Harrison et al. 1990 , Irwin et al. 2012 ) concept suggested that (1) diatoms live in high turbulence, high nutrient environments, such as cool and well-mixed waters, and (2) dinoflagellates are favoured in low turbulence, low nutrient environments. Similar to concept (1), Paerl et al. (2006) observed abrupt changes in the phytoplankton community structure during summer hurricanes, when diatoms responded to high river runoff and a lower residence time in the water column and outcompeted dinoflagellates. In the WEC, Rees et al. (2009) also showed that during episodic high river runoff in summer, the centric diatom Chaetoceros debilis dominated and could outcompete dinoflagellates. Other studies have shown that nano-phytoplankton often exhibit an initial response to nutrient enhancement that can occur in upwelling systems, which is then followed by diatoms (Tilstone et al. 1999 ). In our analysis in the WEC, diatoms did not respond to high summer temperatures even when silicate was high (Figs. 2C & 9A, Table 1 ), but these periods were dominated by dinoflagellates (Fig. 9B, Table 1 ). In contrast, laboratory studies have shown that diatoms favour high Si:N ratios (Sommer 1994) . Dinoflagellate blooms in the WEC during summer occurred at warmer temperatures during high stratification (Figs. 4 & 8) . This in turn promoted a higher photosynthetic response (Fig. 5A) . Similarly in the NE Atlantic, the frequency of dinoflagellate blooms has been strongly and positively correlated with salinity (from the Atlantic inflow), temperature and wind speed (Edwards et al. 2006) . The increase in dinoflagellate biomass at Stn L4 resulted in a reduction of DIN and SRP, which resulted in an excess of DSi (Fig. 9B) . In contrast to observations in the NE Atlantic, we found that in the WEC during the summers of 2009 to 2012, when there was an increase in seasonal wind speeds, there was a parallel decrease in the biomass of dinoflagellates (Fig. 10) . This may be in part due to the fact that turbulence has been shown to prevent the motile migration of dinoflagellates, which reduces their ability to compete for resources (White 1976 , Thomas & Gibson 1990 , Berdalet 1992 . We also observed low biomass of dinoflagellates associated with deep MLDs (Fig.  8B) , resulting from the higher wind speeds (Fig. 10) . The prevalent scenario in the English Channel is that after winter mixing and the onset of stratification in spring diatom biomass increases at varying times in different locations, depending on the strength of the stratification and the attendant effects on diatoms in suspension (Ragueneau et al. 1996) . Under these conditions, diatoms (e.g. Rees et al. 2009 ) or nanoeukaryotes would dominate. In some coastal regions, increases in temperature coupled with an increase in precipitation as a result of changes in the jet stream can lead to higher river run-off and injection of nutrients into coastal regions, which in turn promotes unseasonal increases in the biomass of diatoms (Jenkins et al. 2009 , Francis & Vavrus 2012 . From our analysis, however, it was the dinoflagellates that dominated under these conditions during summer (Fig. 7) . The temperature-size rule predicts that phytoplankton will become smaller in an oligotrophic, warmer ocean (Finkel et al. 2010 , Morán et al. 2010 , which would be accompanied by a decrease of 2.5% cell volume per 1°C . If coastal or upwelling areas are included, the temperaturesize rule can become reversed due to bottom-up control (Agawin et al. 2000 , Maranón et al. 2012 ). In the WEC, the correlation between high dinoflagellate biomass and increasing temperature suggests a reversal of the temperature-size relationship. This trend, however, may be forced by the ambient nutrient regime, as suggested in Fig. 9A . Thus, when nutrients are not limiting, this trend may modify the temperature-size rule through inter-specific competition and selective grazing pressure. Different ecological strategies will therefore aid specific species to out-compete others under certain environmental conditions. In the light of this in the WEC, increasing temperature and nutrients during localised stratification as a result of climate change and high precipitation will promote the growth of dinoflagellates (Figs. 4D & 9B) , which will in turn cause an increase in photosynthetic rates.
CONCLUSIONS
Analysis of ~14 yr of phytoplankton biomass and photosynthetic parameters in relation to temperature and nutrients was conducted at a coastal station in the WEC. Dinoflagellate and coccolithophorid biomass exhibited a positive correlation with temperature, whereas diatoms had a negative correlation. P B m assumed a hyperbolic response to increasing temperature, reaching a plateau at 12°C. There was no correlation between nutrient levels and phytoplankton biomass or photosynthetic rate. The major phytoplankton groups occupied specific thermal niches, which in turn modified P 
